In arterial spin labeling (ASL) MRI to measure cerebral blood flow (CBF), pair-wise subtraction of temporally adjacent non-labeled and labeled images often can not completely cancel the background static tissue signal because of temporally fluctuating physiological noise. While background suppression (BS) by inversion nulling improves CBF temporal stability, imperfect pulses compromise CBF contrast. Conventional BS techniques may not be applicable in small animals because the arterial transit time is short. This study presents a novel approach of BS to overcome these drawbacks using a separate 'neck' radiofrequency coil for ASL and a 'brain' radiofrequency coil for BS with the inversion pulse placed before spin labeling. The use of a separate 'neck' coil for ASL should also improve ASL contrast. This approach is referred to as the inversion-recovery BS with the two-coil continuous ASL (IR-cASL) technique. The temporal and spatial contrast-to-noise characteristics of basal CBF and CBF-based fMRI of hypercapnia and forepaw stimulation in rats at 7 Tesla were analyzed. IR-cASL yielded two times better temporal stability and 2.0-2.3 times higher functional contrast-to-noise ratios for hypercapnia and forepaw stimulation compared with cASL without BS in the same animals. The Bloch equations were modified to provide accurate CBF quantification at different levels of BS and for multislice acquisition where different slices have different degree of BS and residual degree of labeling. Improved basal CBF and CBF-based fMRI sensitivity should lead to more accurate CBF quantification and should prove useful for imaging low CBF conditions such as in white matter and stroke. Copyright ß 2011 John Wiley & Sons, Ltd.
INTRODUCTION
Cerebral blood flow (CBF) is tightly coupled to metabolic function under normal physiologic conditions (1) . Perturbations of basal CBF and stimulus-evoked CBF responses have been implicated in many neurological diseases including stroke, brain tumor and neurodegenerative disorders. The arterial spin labeling (ASL) MRI technique (2) is widely utilized to image CBF because it is totally non-invasive. The magnetically tagged water has a short effective half-life ($ blood T 1 ), allowing repeated CBF measurements which can be used to dynamically image CBF changes associated with functional stimulation or to augment spatial resolution and/or the signal-to-noise ratio (SNR). Quantitative CBF can be obtained using MRI at high spatiotemporal resolution. Functional MRI based on CBF changes is less susceptible to intersubject variations and pathologic perturbations (3), yields better spatial localization to sites of increased neural activities (4) and is easier to interpret compared with the blood-oxygenation-level-dependent (BOLD) fMRI signals.
The major limitation of CBF ASL MRI and ASL-based fMRI is low SNR. Perfusion signal in the brain is only 1-4% compared with the background tissue signal. Importantly, pair-wise subtraction of temporally adjacent non-labeled and labeled images in ASL measurements often could not achieve complete cancellation of the background static tissue signal as a result of physiological noise that fluctuates across time. Background suppression (BS) of a static tissue signal by inversion was initially proposed for MRI angiography (5, 6) . Ye et al. subsequently applied BS to ASL and reported substantial improvements in the CBF SNR (7) . van Osch et al. showed that BS and pseudo-continuous ASL significantly improve detection of white-matter CBF (8) . While ideal inversion pulses should not attenuate the ASL signal, signal loss because of T 1 recovery, T 2 decay and the unwanted magnetization transfer effect in blood associated with BS inversion pulses occur in practice. Duyn et al. reported a 9% reduction in perfusion signal loss with one inversion suppression pulse (9) . Ye et al. reported a (wileyonlinelibrary.com) DOI:10.1002/nbm.1666 17% decrease in the ASL signal with two inversion pulses (7). Garcia et al. evaluated the effects of BS inversion pulses on the ASL signal in blood phantom and in vivo (10) and found that BS attenuated the ASL signal and that the slow magnetization transfer effect in blood dominated the inversion inefficiency. Thus, the advantages of improved BS with inversion pulses need to be carefully weighed against loss of perfusion contrast. Furthermore, conventional BS strategies in ASL techniques that apply inversion pulses during the post-labeling delay (> 1 s) may not be applicable in small animals in which the arterial transit time is very short ($ 200 ms) (11) and thus post-labeling delay is shorter than inversion delay.
This study presents a novel approach to achieve BS without compromising ASL perfusion contrast because of BS inversion pulse imperfection in rodent models. This was achieved by independently modulating BS and tagging arterial spins using two different radiofrequency (RF) coils. BS utilizes inversionrecovery nulling using the 'brain' RF coil, whereas continuous ASL utilizes a separate labeling coil at the neck position. BS inversion pulse is applied before the labeling pulse which avoids compromise of ASL perfusion contrast by imperfect inversion pulses and thus should provide improved ASL perfusion contrast compared with the conventional BS scheme (i.e. where BS pulses are placed after the labeling pulse). This approach is referred to as the inversion-recovery BS using the two-coil continuous ASL technique (IR-cASL). The temporal and spatial contrast-to-noise characteristics of basal CBF and CBF-based fMRI of hypercapnic challenge and forepaw stimulation in rats at 7 Tesla were analyzed and compared with conventional two-coil cASL without BS. The Bloch equations were modified to quantify CBF at different levels of background static tissue suppression and applied to calculate CBF in multilice acquisition where different image slices have different degrees of the BS and residual degree of labeling.
THEORY
A schematic of the IR-cASL sequence is shown in Fig. 1 . An adiabatic inversion RF pulse is used to suppress the static brain tissue signal via the primary RF channel using a brain surface coil. The adiabatic radiofrequency pulse via the secondary RF channel is used for ASL. The labeling duration (LD), post-labeling delay (PLD), half of the excitation pulse and half of the BS pulse duration together constitute the inversion recovery delay (TI) which can be varied to achieve optimal nulling of the static brain signal. A delay can also be inserted between the BS inversion pulse and the onset of labeling to modulate inversion contrast independent of labeling duration (not shown).
The longitudinal Bloch equation including the effect of tissue perfusion ( f ) is given by (2):
assuming water is a freely diffusible tracer ( Eqn [1] can be rewritten as
After the BS inversion and with arterial spin labeling during t, the neck arterial blood spins are inverted with a labeling efficiency of a (assuming no arterial transit time). Thus,
Then eqn [1] can be rewritten as
With M b ð0Þ ¼ ð1À2bÞM
Solving for blood flow f from eqns [5] and [10] and assuming t ¼ LD, yields,
where blood flow is proportional to DM ( M non-labeled -M labeled ). Considering arterial transit time from the labeling plane to the perfusion site, the inversion state of the labeled spins at the perfusion site is no longer a, but becomes aðwÞ ¼ ae ðÀw=T1aÞ ; [12] where w is the arterial transit time, and T 1a is the T 1 of arterial blood. For PLD equals to arterial transit time (w ¼ PLD), eqn [11] can be rewritten as
[13]
For multislice acquisition, assuming identical arterial transit time cross slices, perfusion contrast loss (with relaxation time of T 1app ) during multislice acquisition time needs to be compensated. Thus,
where n is the slice number, T s is the acquisition time for one image slice. If the difference between T 1a and T 1app is ignored and PLD n ¼ PLD þ (n-1)T s , eqn [14] can be simplified as
[15]
T 1 recovery of the brain tissue signal across multislice acquisition is already accounted for in eqns [5] and [10] .
The equation for conventional cASL acquisition has identical form except the M non-labeled and M labeled are not inverted.
MATERIALS AND METHODS

Animal preparation
Fifteen male Sprague-Dawley rats (250 to 350 g, Charles River) were initially anesthetized with 2% isoflurane in air. Once the rats were secured in a MRI compatible rat stereotaxic headset, anesthesia was reduced to 1.2% to 1.3% isoflurane. Rats breathed spontaneously without mechanical ventilation. Rectal temperature was maintained at 37.0 AE 0.58C. Respiration rate was derived from chest motion via a force transducer (SA Instruments, Inc., Stony Brook, NY, USA). Heart rate and blood oxygen saturation level were monitored using the MouseOx system (STARR Life Science Corp., Oakmont, PA, USA). All recorded physiological parameters were maintained within normal physiologic ranges unless otherwise perturbed.
Hypercapnia and forepaw stimulation
Hypercapnic challenges used a premixed gas of 5% CO 2 with 21% O 2 and balance N 2 . Air was used as the baseline. Forepaw somatosensory stimulation used the previously optimized parameters under isoflurane anesthesia (12): a 6 mA current with 0.3 ms pulse duration at 3 Hz. Needle electrodes were inserted under the skin of the two forepaws. The electrodes were connected in series to simultaneously stimulate two forepaws. Hypercapnic challenge and forepaw stimulation scans were acquired alternately using IR-cASL or cASL. Each hypercapnic challenge trial consisted of 3 min of data acquired during baseline and 3 min of data acquired during hypercapnic challenge. Forepaw stimulation consisted of 80 s baseline, 40 s stimulation, 80 s baseline and 40 s stimulation. A break of 15 min was given between 'stimulations' (i.e. forepaw stimulation and hypercapnic challenge).
MRI
MRI experiments were performed on a 7-T/30-cm magnet, a Biospec Bruker console (Billerica, MA, USA) and a 40-G/cm gradient insert (ID ¼ 12 cm, 120-ms rise time). A surface coil (2.3-cm ID) was used for brain imaging and a butterfly neck coil (5-mm ID) for perfusion labeling (13), the labeling gradient was 1.0-G/cm. The center-to-center distance between the image and label coils was 2 cm. Coil-to-coil electromagnetic interaction was actively decoupled. Paired images were acquired alternately: one with arterial spin labeling and the other without. Both cASL and IR-cASL were acquired on the same animals using identical parameters except that the IR-cASL sequence included a non-spatially selective BS inversion pulse of 20-ms hyperbolic secant applied via the brain coil. BS suppression was spatially selective by the surface coil sensitivity profile, thus there was no cross-talk with the labeling coil. A long BS pulse was used to maximize inversion efficiency and minimize RF bandwidth to minimize magnetization transfer effects.
Three types of experiments were performed: (i) basal CBF using variable LD on a single image slice, (ii) basal CBF using a fixed LD on multislice acquisition and (iii) fMRI using a fixed LD on a single image slice. For the basal CBF measurement using variable LD (experiment no. 1), a single-shot, gradient-echo, EPI acquisition of a single 1.5-mm horizontal slice was used with a spectral width ¼ 300 kHz, data matrix ¼ 64 Â 64, FOV ¼ 3.0 Â 3.0 cm (469 Â 469 mm), TE ¼ 10.2 ms, TR ¼ 6 s (908 flip-angle), and typical variable labeling durations of 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.8, 1.9, 2.0 and 3.0 s.
For multislice acquisition of basal CBF (experiment no. 2), the same parameters were used except that seven transverse 1.5-mm slices were acquired. In addition, a higher resolution (234 Â 234 mm) was also acquired using partial-Fourier (3/4), single-shot GE EPI, data matrix ¼ 128 Â 64, FOV ¼ 3.0 Â 1.5 cm, 7 transverse 1.5-mm slices, TE ¼ 9.8 ms, TR ¼ 3 s and LD ¼ 1.4 s, and the data readout time for each slice T s was 41.5 ms. The total acquisition time of both low and high resolutions was 3 min each.
For fMRI using fixed LD (experiment no. 3), hypercapnic challenge and forepaw stimulation fMRI data were acquired using a single-shot, gradient-echo, EPI acquisition of a single 1.5-mm horizontal slice using a spectral width ¼ 300 kHz, data matrix ¼ 64 Â 64, FOV ¼ 3.0 Â 3.0 cm, TE ¼ 10.2 ms, TR ¼ 2 s (908 flip-angle) and LD of 0.9 s. Hypercapnic challenge was also done with 1.0 s and 1.9 s of LD for IR-cASL. The relative short TR (2 s) is used to improve temporal resolution. Note that the null point for 2 s TR was $0.7 s and thus these fMRI data were acquired away from the null point.
The PLD was short (i.e. 10 ms) which may affect absolute CBF quantification. Our and previously published data did not show severe large vessel contamination, probably because of the short arterial transit time and relatively fewer large vessels in the rodent brain, compared with the human brain. Future studies should use longer delays ($200 ms in normal tissue) (11) .
Data analysis
Data analysis used codes written in Matlab (MathWorks Inc., Natick, MA, USA) and the STIMULATE (University of Minnesota) software. The following analyzes were performed: (i) Normalized S non-labeled , S labeled and DS/S (where DS S non-labeled -S labeled ) at a single labeling duration were plotted as a function of labeling durations and compared between cASL and IR-cASL. The normalizations were done by dividing the mean value of S non-labeled of cASL scans. (ii) Experimental data were modeled using eqns [5] and [10] with f ¼ 1 mL/g/min (14) , l ¼ 0.9 mL/g (15), T 1 ¼ 1.8 s (16), a ¼ 0.8 [measured using a method described in (17) ] and b ¼ 0.9 [derived from our experimental data)]. (iii) Temporal standard deviation (SD) maps of normalized DS (s DS DS) were derived from the time series data of baseline CBF scans. s DS DS values were tabulated pixel by pixel and compared between cASL and IR-cASL in whole brain (all available brain tissue in the images) and white matter ROIs, respectively. (iv) Quantitative CBF images were calculated using eqn [11] , T 1blood of 1.95 s (18) and T 1app of 1.74 s. For multislice acquisition, CBF was calculating using eqn [14] and T s of 41.5 ms. In both cases, the non-labeled images of cASL (without inversion pulse, TR ¼ 6 s) were taken as M 0 b . (v) Hypercapnic challenge and forepaw stimulation CBF fMRI percent changes were derived. Cross-correlation and contrast-to-noise ratio (CNR) analyzes were performed. CNR was defined as, CNR ¼Ŝ stim ÀŜ baselinê s baseline , whereŜ stim is the mean value of stimulation period,Ŝ baseline is the mean value of baseline period, andŝ baseline is the SD of the baseline period. CNR maps were calculated and group-averaged results were tabulated for 3 Â 3 pixels in the primary somatosensory cortices for forepaw stimulation and whole brain for hypercapnic challenge.
Activation maps for hypercapnic challenges and forepaw stimulations were obtained using cross-correlation analysis with a minimal of four clusters (for display purposes only) with p-values << 0.01. Tabulated values (such as CBF and SD in Table 1 ) used ROI analysis to avoid bias and are presented as means AE SDs. Statistical tests used paired t-tests with p < 0.05 indicating statistical significance, unless other stated.
Note that non-labeled time-series data, which are often taken as BOLD fMRI data, were not shown because the results were not reliable as the echo times were not optimized for BOLD contrast. Figure 2A shows the normalized whole-brain signal intensities of non-labeled and labeled signals from one animal as a function of different labeling durations. The raw signal intensities of the IR-cASL signal were substantially lower than those of cASL because of BS. The difference between S non-labeled and S labeled (DS) increased slightly with increased labeling durations, but did not appear to differ significantly between cASL and IR-cASL. The sign of DS reversed at LD below the inversion null point (i.e. < 1 s) as expected. Figure 2B shows the group-averaged DS/S non-labeled in percentage changes were larger for IR-cASL compared with cASL (5% to 24% versus 2% to 4%).
RESULTS
We modeled the experimental data at different inversion delays using eqns [5] and [10] . Figure 3 shows the theoretical values (lines) of normalized signal intensities versus labeling durations from eqns [5] and [10] using f ¼ 1.0 mL/g/min, l ¼ 0.9 mL/g, T 1 ¼ 1.8 s, T 1app ¼ 1.74 s, a ¼ 0.8 and b ¼ 0.9. They are consistent with the experimental data (data points).
Representative CBF maps of cASL and IR-cASL with LD ¼ 2 s are shown in Fig. 4A . By visual inspection, cASL and IR-cASL showed similarly good CBF contrast. Whole-brain CBF values were similar across different labeling durations (Fig. 4B) , supporting the validity of eqn [11] . CBF values for LD <1.4 s were not analyzed because they were close to the null point. To quantify the potential improvement, temporal standard deviation (SD) maps of normalized perfusion contrast DS DS were analyzed pixel by pixel (Fig. 4C) . The whole-brain temporal SD for different LDs (from 1.4 to 3.0 s) was plotted in Fig. 4D . The whole-brain temporal SD of IR-cASL was significantly ( p < 0.05) smaller than that of cASL for LD ¼ 1.4-2.0 s because of the BS effect. At LD ¼ 3.0 s, magnetization mostly recovered towards equilibrium Figure 3 . Modeling of eqns [5] and [10] on experimental data. S non-labeled and S labeled signal intensities are plotted as a function of labeling duration of the inversion recovery continuous arterial spin labeling (IR-cASL) experiments. Data points were experimental data. Lines were derived from eqns [5] and [10] using parameters as shown. Table 1 summarizes the average temporal SDs for LDs ¼ 1.4 to 3.0 s. The temporal SDs were 44% lower in whole brain and 50% lower in the white matter of IR-cASL than those of cASL.
Multislice CBF images were determined using eqn [14] , accounting for the effects of multislice acquisitions (Fig. 5) . CBF images at two different spatial resolutions are shown. The acquisition time was 3 mins each for both low-and high-resolution datasets.
Representative CNR maps associated with hypercapnic challenge are shown in Fig. 6 . The whole-brain CNR of IR-cASL was significantly higher than that of cASL. Hypercapnia-induced CBF percent changes were 42 AE 1, 45 AE 2 and 42 AE 9 for TI of 921 ms, 1021 ms, 1921 ms, respectively, which were not statistically different over the range of inversion delays ( p > 0.05). Figure 7 shows representative cross-correlation activation maps and time courses of the forepaw stimulation from the same animal at the same statistical threshold. Both the activation maps and time courses revealed that IR-cASL yielded higher functional contrast than cASL. The group-averaged comparisons of temporal SDs and fMRI CNRs are also summarized in Table 1 . For the hypercapnic challenge, CNR was obtained from the whole-brain ROI. For forepaw stimulation, CNR was obtained from the 3 Â 3 pixels ROI of the primary somatosensory cortices.
IR-cASL showed overall improved temporal stability and functional CNR compared with cASL.
DISCUSION
This study presents a novel approach utilizing a separate labeling coil to achieve background static tissue signal suppression without compromising ASL perfusion contrast caused by imperfect BS inversion pulses. While background suppression strategy has been widely used in humans, such a background suppression approach with a single coil or a separate neck coil for cASL has not been reported in rodent studies to our knowledge. This approach is particularly relevant for CBF studies of rodents and other small animals because of the short arterial transit time in rodent. The major findings were: (i) A simple but practical theoretical framework for the IR-cASL approach was derived by modifying the Bloch equations to account for variable BS and residual degree of labeling. (ii) We experimentally validate the approach and formalism by showing quantitative CBF and CBF-based fMRI were consistent with cASL without background suppression. (iii) Compared with cASL, IR-cASL provides more temporally stable perfusion measurement for basal CBF and a significantly higher perfusion CNR for CBF-based fMRI. (iv) This approach has immediate applications in rodents where the labeling duration of the cASL approximates the inversion delay used for BS. This approach is also expected to be helpful in suppressing the vitreous signal for blood flow MRI of the retina. In summary, while there are some shortcomings and further improvements in modeling and pulse sequence are expected, we believe this simplistic approach has merits and is practical for improving rodent CBF MRI studies.
BS yielded improved temporal ASL signal stability and CBF-based fMRI sensitivity. This finding is in qualitative agreement with previous studies using the single-coil technique (6) (7) (8) (9) . Our approach differed from previous approaches in that IR-cASL can independently modulate BS and ASL. As such it has the additional advantage that ASL perfusion contrast is not compromised by imperfect inversion pulses because BS is independent of labeling and is applied before ASL. Improvements in BS ASL have also been reported in human studies. reported the average gain of 64 AE 33% at 1.5T and 128 AE 29% at 3T in t-scores for fMRI data (8) . In the present study, IR-cASL is 2.0 times higher than fMRI CNR for hypercapnic challenge and 2.3 times higher than fMRI CNR for forepaw stimulation compared with cASL without BS in the same subjects. Talagala et al. also reported a background suppression approach in cASL with a separate labeling coil (19) , where one inversion pulse was applied between two labeling durations and two inversion pulses were applied after labeling, which are susceptible to loss of CBF contrast as a result of imperfect BS pulses.
A major drawback of IR-cASL is that the labeling duration is constrained by brain T 1 . Gray matter T 1 at 7T is 1.8 s. Thus, the longest nulling point (and thus labeling duration) is 1.24 s for ideal single inversion and infinite TR. In the presence of inverted arterial blood, the inversion null point is when the background and the inverted blood signal in a given voxel cancel each othernot the null point of brain tissue. This experimental inversion null point was $1.05 s for whole brain for the given parameters. In subsequent experiments to measure CBF, we purposely used an inversion delay that was slightly longer than the tissue null point to stay on the positive side of magnetization recovery. This also allowed a sufficiently long labeling duration to increase perfusion contrast albeit at the expense of imperfect BS. Longer T 1 at higher magnetic fields would benefit IR-cASL.
While IR-cASL in principle can also be done using a single volume-coil setup without a separate neck coil for spin labeling, it is expected to yield lower CBF contrast compared with a separate coil approach because of the unwanted magnetization transfer effect present in the single-coil approach. The current IR-cASL scheme is ideal for rodent studies where the arterial transit time is short ($200 ms). In humans, the long arterial transit time ($1 s) necessitates a long post-labeling delay and is incompatible with IR-cASL in its current form. To overcome this limitation, additional inversion pulses can be used and is currently being explored. Similarly, multiple inversion pulses can also be used to null multiple tissue T 1 species although complete BS is unnecessary.
IR-cASL CBF values were not statistically different from those of cASL in the same animals, both are consistent with whole-brain CBF values reported previously using cASL in animal models (12, 13) . The stimulus-induced CBF percent changes over a wide range of inversion delays were not statistically different from each other. These stimulus-induced CBF percent changes are also consistent with those reported previously on animal models (12, 13) . In multislice acquisition, background suppression and residual degree of labeling will vary for different slices. The use of a three-dimensional acquisition scheme or multiple inversion pulses could circumvent this problem. The IR-cASL CBF values showed no significant variations across multiple (up to 7) image slices or drop offs in CBF contrast sensitivity. Together, these observations support the modified Bloch equations to describe IR-cASL. Future studies could include multiple inversion pulses, account for transit time (20, 21) and water exchange (22) (23) (24) , and could include vessel-selective CBF MRI to target specific perfusion territory (25, 26) .
IR-cASL could have important applications. Increased sensitivity of IR-cASL would help improve detection and quantification at low flow conditions, such as in white matter and ischemic tissue (28) (29) (30) . This is important because WM CBF measurement reliability has been a contentious issue (27) . van Gelderen argued that ASL MRI does not have enough sensitivity to detect CBF in WM reliably because of partial voluming and transit time issues. A recent study by van Osche et al. (7) using pseudo-continuous ASL with background suppression indicated that WM CBF can be reliably detected. Improved CBF sensitivity would undoubtedly be helpful. Moreover, another application for IR-cASL is that it can be applied to improve blood flow MRI sensitivity of the retina (31) (32) (33) by suppressing the overwhelmingly strong vitreous signal.
In conclusion, we demonstrated a novel cASL MRI approach to suppress the background static tissue signal to improve sensitivity, contrast and reproducibility of basal CBF and CBF-based fMRI measurements. The IR-cASL approach could benefit by higher magnetic field scanners. Increased CBF sensitivity of IR-cASL would help improve CBF measurements for a variety of biomedical applications, particularly for imaging low CBF tissue.
